Introduction
Diamond, with a bandgap of 5.47 eV, is an insulating material when undoped. However, when terminated with hydrogen, the C-H bond at the terminated surface creates a dipole layer that induces a negative electron affi nity reported to be as low as -1.3 eV and a concurrent lowering of the ionization energy to 4.2 eV. 1 While this phenomenon has led to signifi cant interest in electron emission devices due to the ease with which electrons excited into the conduction band can be emitted from the surface, it additionally drives the transfer of electrons from the diamond valence band into the accepting state of an appropriate adsorbate layer on the diamond surface. 2 This gives rise to p -type surface conductivity carried by a resulting subsurface hole accumulation layer that extends a few nanometers into diamond and supports a carrier density of up to 4 × 10 13 cm -2 . 2 In addition to lowering the ionization energy suffi ciently to facilitate electron transfer from the valence band into the adsorbate layer, the hydrogen termination passivates the surface by removing interfering surface states from the gap that would otherwise accept the transferred charge preventing them from contributing to free carriers in the diamond. In its simplest form, the accumulation of holes and band bending at the surface of hydrogen-terminated diamond occurs as a consequence of charge transfer into an adsorbed water layer arising from exposure to air ( Figure 1 a) . 3 It was shown in this case that surface charge transfer arises from an electrochemical redox reaction between the adsorbed water layer and the diamond surface, a mechanism that is unique to hydrogenated diamond among semiconductor materials under standard atmospheric conditions. 3 Strobel et al. showed that p -type surface doping could also be achieved with fullerene (C 60 ) and fl uorinated fullerenes; 4 , 5 in this case, charge is transferred from the diamond valence band into the lowest unoccupied molecular orbital (LUMO) of the fullerene surface acceptor. While providing supporting evidence for the surface transfer doping model proposed as being responsible for the charge accumulation at the surface of diamond, this work additionally presented the possibility of using other molecular species as surface acceptors on the hydrogen-terminated diamond surface. Surface transfer doping of diamond with other molecular species, such as 7,7,8,8-tetracyanoquinodimethane and its fl uorinated derivative, 6 and molecular heterolayers 7 have subsequently been demonstrated. Recently, Russell et al. have extended this work further to include the use of the transition metal oxide MoO 3 as a surface electron acceptor material, which may offer improved stability and performance in diamond electronic devices. 
Interfacial energy level alignment
In contrast to doping with an adsorbed water layer, organic molecules provide a simpler acceptor system that can be probed using standard surface analysis techniques to aid the Diamond surface conductivity: Properties, devices, and sensors Christopher I. Pakes , Jose A. Garrido , and Hiroshi Kawarada
Hydrogen termination of diamond lowers its ionization energy, driving electron transfer from the valence band into an adsorbed water layer or to a strong molecular acceptor. This gives rise to p -type surface conductivity with holes confi ned to a subsurface layer of a few nanometers thickness. The transfer doping mechanism, the electronic behavior of the resulting hole accumulation layer, and the development of robust fi eld-effect transistor (FET) devices using this platform are reviewed. An alternative method of modulating the hole carrier density has been developed based upon an electrolyte-gate architecture. The operation of the resulting "solution-gated" FET architecture in two contemporary applications will be described: the charge state control of nitrogen-vacancy centers in diamond and biosensing. Despite 25 years of work in this area, our knowledge of surface conductivity of diamond continues to develop.
understanding of the surface charge transfer mechanism. This has been achieved by Edmonds et al. using the fl uorofullerene C 60 F 48 as a strong molecular acceptor. 9 The introduction of the strongly electronegative fl uorine atoms to the cage of fullerene induces a large electron affi nity in the fl uorofullerenes. C 60 F 48 has an electron affi nity of 4.06 eV in vapor form, 10 higher than any of the other fl uorofullerenes, and making it a very effective surface acceptor at the hydrogen-terminated diamond surface. The resulting diamond hole concentration at saturation differs for the different fl uorofullerenes and appears to scale with the electron affi nity of the fl uorofullerene. 5 When doped with C 60 F 48 , the underlying hole concentration reaches a saturation value equivalent to that for air-induced surface conductivity for a fl uorofullerene coverage of only about 0.4 monolayers. This allows the electronic energy level structure at the diamond-fl uorofullerene interface to be probed using surface-sensitive photoemission techniques. By using synchrotron-based C1s core level photoelectron spectroscopy, Edmonds et al. observed two distinct molecular charge states of C 60 F 48 , one corresponding to ionized molecules that participate in surface charge transfer and the other to neutral molecules that do not. 9 The relative concentrations of these states gives a direct measure of the fl uorofullerene doping effi ciency, while their binding energy informs the shift in the corresponding LUMO of the two charge states as a function of coverage. At the same time, measured shifts in the binding energy of the C1s core level associated with the underlying diamond surface informs the level of band bending as a result of charge accumulation during doping.
Using this information, and the fact that doping of the fl uorofullerene is governed by Fermi-Dirac statistics, the energy level alignment at the diamond/fl uorofullerene interface has been explained ( Figure 1b ) . 9 The position of the LUMO of neutral C 60 F 48 was determined to lie initially 0.6 eV below the valence band maximum (VBM). Since the neutral LUMO is the relevant acceptor level for transfer doping, this energy represents a negative acceptor energy, Δ 0 = -0.6 eV, implying a high initial doping effi ciency (equal to one) and suggesting that there should be no freeze-out of carriers at low temperature. This is an important result in the context of low-temperature transport. As the fl uorofullerene coverage is increased, the doping effi ciency drops to zero above a critical coverage, limiting the ultimately achievable hole carrier concentration. This is a consequence of an upward shift of the neutral LUMO with coverage due to the formation of a dopinginduced surface dipole Δ Φ arising from the charge separation across the diamond/molecule interface 11 in conjunction with band bending (E F -E VBM ). The two quantities that ultimately determine the achievable hole density are thus the initial acceptor energy and the areal capacitance associated with the interfacial charge separation. The initial acceptor energy for a specifi c acceptor layer is infl uenced by the value of the negative electron affi nity of the underlying hydrogen-terminated surface; variation in the quality of the hydrogen termination may therefore be responsible for the range of saturation hole sheet densities that have been reported by different groups in the literature.
Transport properties
There have been a number of studies of the transport properties of surface conducting diamond, focusing primarily on the measurement of temperature dependence of the hole sheet density and carrier mobility. 12 , 13 Temperature-dependent transport measurements have generally resulted in an exponential decrease in the conductivity as the temperature is reduced, suggesting conduction occurs via hopping between localized states as a result of high levels of surface disorder. 12 , 13 As a result, the low temperature behavior of this system has not been extensively probed. Recently, Yamaguchi et al. 14 showed that an evolution from semiconducting to metallic conduction can be obtained as the hole sheet density is increased using 48 . Changes in band bending (E F -E VBM ), electron affi nity χ , and acceptor energy Δ in response to doping: (i) in the limit of vanishing concentration and (ii) one monolayer C 60 F 48 coverage. Note: 2DHG, twodimensional hole gas; CBM, conduction band minimum; VBM, valence band maximum; LUMO, lowest unoccupied molecular orbital. Adapted from Reference 9.
an electrolyte gated architecture, discussed in detail later. Yamaguchi's work has demonstrated experimentally that a high hole carrier concentration can be maintained at low temperature, consistent with the fact that the negative initial acceptor energy prevents carrier freeze out. With the availability of high-quality samples, this motivates future studies of the low-temperature properties of the hole accumulation layer. Hole mobility measurements have consistently resulted in mobilities of up to 300 cm . 15 The low levels of mobility result from ionized impurity scattering due to the nearby charged surface acceptors, 16 a major drawback of this system; an alternative doping scheme analogous to modulation doping as employed in GaAs-based semiconductor heterostructures could resolve this issue, but is yet to be realized.
While it is well known that the hole accumulation is confi ned to the near-surface region of diamond, a signifi cant number of papers in the fi eld refer to the hole accumulation layer as being two-dimensional despite there being no clear experimental evidence that this is the case. Density functional theory calculations have predicted the formation of a twodimensional hole band at the surface of hydrogen-terminated (100) diamond; 17 however, the lack of low temperature transport measurements means this is yet to be unambiguously confi rmed. A number of alternative measurements have been made to elucidate the presence of quantized energy eigenstates in the hole layer based upon fi eld-emission 18 and scanning tunneling spectroscopy 19 techniques, supported by theoretical estimates of the eigenvalues via self-consistent solution of the Poisson-Schrödinger equation for the hole accumulation layer. 20 , 21 However, the dimensionality of the surface-conducting layer remains an issue of contemporary interest.
Field-eff ect transistor devices on the hydrogenterminated diamond surface
Following the fi rst report of surface conductivity in diamond, 2 the work of many research groups focused on the removal of surface conductivity in order to maintain a highly resistive substrate. It was not until four years after the report of surface conductivity that the fi rst robust fi eld-effect transistor (FET) operation with pinch-off characteristics (i.e., with a suffi ciently high bias at the gate, the channel no longer contains free conductors, and the current drops to zero) was reported in a metal-semiconductor (MES) FET. 22 , 23 In this architecture, a hole current between two Au ohmic contacts was controlled using an Al-based Schottky gate in direct contact with the hydrogen-terminated surface. The MESFET showed logic operation, 24 and a relatively high breakdown voltage of near 200 V was also demonstrated. 25 Since the prototype MESFET structure is very simple, if undoped diamond and a process for hydrogen termination had been available in the late 1940s, diamond may well have been the fi rst transistor material.
The electronic behavior of metallic contacts on the hydrogen-terminated diamond surface is governed by the height of the resulting Schottky barrier. The dependence of the Schottky barrier height on the electrode material clearly demonstrates a Schottky limit where the metal work function (or electronegativity) governs the barrier height. 24 , 26 This indicates a very low density of surface states (<10 11 cm -2 ), which is a necessary condition for operation of metal-insulator-semiconductor (MIS) or metal oxide semiconductor (MOS) FET device architectures, shown schematically in Figure 2 24 High-frequency FET operation was realized in an Al gate MESFET, 27 representing the fi rst operation of a FET at GHz frequencies in a pure carbon semiconductor. Subsequent improvements in cut-off frequency, f T , have been achieved via a reduction in gate length while maintaining the same basic device structure ( Figure 2b ). Through this route, cut-off frequencies in the range 20-53 GHz have been achieved in MESFET, 28 -30 MISFET, and MOSFET 31 , 32 architectures. From the slope of f T as a function of gate length, a hole velocity of 5×10 6 cm s -1 can be estimated equal to one half of the maximum carrier velocity of diamond. Despite a substantial shift in effort toward the development of graphene-based FETs, the directly measured cut-off frequencies of hydrogen-terminated diamond devices remain comparable to those currently achieved in graphene, illustrating the achievements in the design and fabrication of CVD diamond FETs. Additionally, source-drain current densities exceeding 1 A mm -1 have been achieved in hydrogen-terminated diamond MOSFETs, 33 , 34 a level equivalent to contemporary semiconductor devices based on Si, GaAs, InGaAs, GaN, and graphene. Naturally, the current densities in diamond devices are highly dependent on the achievable hole sheet density which, in general, is higher for (111)-and (110)-oriented surfaces compared to the (100) surface; this arises because the areal density of the dipole moment arising from the C-H bond is 20-30% higher for the former surfaces. 33 As a result, higher current densities are typically reported for devices fabricated on (111)-and (110)-oriented diamond.
Despite its seeming fragility, air-induced surface conductivity in hydrogen-terminated diamond has been used to develop a number of applications through the device architectures that we have described. The C-H bond and also surface adsorbates are stable in air and remain so at the metal/diamond and insulator/diamond interfaces. Hole accumulation may be maintained after growth of a gate dielectric via atomic layer deposition (ALD). 35 For example, MOSFETs with an Al 2 O 3 gate dielectric formed by ALD at a temperature of 450°C, far above the desorption temperature of the adsorbates, have been demonstrated and can operate at temperatures up to 450°C. 36 Through the development of these processes, the surface conductivity can be utilized for high-power, high-temperature applications.
Solution-gate devices on the hydrogen-terminated diamond surface Electrolyte gating of the surface conductivity
As an alternative to gating with a solid-state contact, the surface conductivity of hydrogenterminated diamond can be modulated using an electrolyte-gate, 37 and this approach has recently led to several important applications. Here, the hydrogen-terminated surface is immersed in an aqueous electrolyte along with a gate electrode, and control of the surface conductivity is achieved by using the gate to modulate the diamond/electrolyte interfacial potential. 38 This mechanism is illustrated schematically in Figure 3 a. The Fermi energy E F in the diamond surface is fi xed by a potentiostat, relative to an Ag/AgCl reference electrode. Therefore, usually no thermodynamic equilibrium exists between E F and the redox couple responsible for the surface conductivity in air. For an increasing negative potential, U G , applied to the gate electrode, the position of E F at the diamond surface is driven further into the diamond valence band, increasing the accumulation of holes at the diamond/electrolyte interface. If the applied potential is reversed and a more positive gate potential is applied, E F at the diamond surface will be pushed eventually above the valence band maximum, and the hole accumulation diminishes.
Thus, in contrast to the situation in air, 3 charge transfer across the interface has no infl uence on the formation of the surface conductivity in an electrolyte under potential control. 38 Instead, we have described a situation in which the hole accumulation layer is induced by capacitive polarization of the interface. Electrochemical impedance spectroscopy measurements at the hydrogenated-diamond/electrolyte interface have confi rmed that the interface behaves like an ideal capacitor 39 , 40 for which the hole carrier density is approximately proportional to the applied gate potential. Hall effect measurements have additionally confi rmed the linear relationship between the carrier density and the applied gate voltage at negative U G , shown in Figure 3b , with an interfacial capacitance of about 2 μ F cm -2 deduced from the slope of this linear dependence, in good agreement with impedance spectroscopy measurements. 39 , 40 Due to this relatively high interfacial capacitance, hole carrier densities as high as 10 13 cm -2 can been obtained, motivating the development of solution-gated fi eld-effect transistor (SGFET) devices. 40 
Electrostatic control of the charge state of NV centers in diamond SGFETs
The nitrogen-vacancy (NV) center in diamond has drawn considerable interest during recent years in diverse fi elds such as quantum information processing, single-spin magnetometry, and plasmonics. 41 -43 Most of these applications exploit the fact that the spin state of the negatively charged NV center (NV -) can be initialized and read out optically. However, this state has been observed to become unstable, turning into the neutral charge state NV 0 under various kinds of laser illumination, close to the surface, or at high implantation densities. In order to engineer large-scale quantum processors using this architecture, it is therefore an outstanding goal to reliably be able to control the charge state of an NV center.
Motivated by the ability to control of the surface conductivity of hydrogenated diamond that can be achieved using an aqueous electrolyte gate, 40 it is possible to design a dynamic method to manipulate the charge state of single NV centers with such an electrolytic gate electrode. 44 Similar to the case of a diamond SGFET, in this case, a potential can be applied between a nitrogen-implanted and subsequently H-terminated diamond immersed in an electrolyte and a reference electrode in the electrolyte, as illustrated in Figure 4 a. The shift in Fermi energy of the diamond induced by the applied voltage changes the extent of band bending at the diamond surface. Thus, the position of the Fermi level with respect to the charge transition level of the NV centers is modifi ed by the applied gate voltage. 44 The charge transition levels NV +/0 and NV 0/-correspond to the energies at which a NV center changes its charge state from positive to neutral and from neutral to negative, respectively. 45 By using the external gate voltage, it is possible to shift E F across the charge transition levels in a way that a NV center at a certain distance from the diamond surface goes from the positive charge state through the neutral state and to the negative charge state. 44 Figure 4b shows a time series of the NV -fl uorescence obtained in a region of high implantation dose while the electrolyte gate voltage is repeatedly switched between 0.5 V and -0.5 V. The observed reversible fl uorescence change has been discussed in terms of the discharge of the negatively charged centers into NV 0 and the subsequent reversed charging from NV 0 to NV -. 44 Thus, electrolyte-gating of surface conductive diamond offers very versatile and reversible control of the charge state of embedded NV centers in diamond, providing an important toolkit for the use of NV centers in diamondbased spintronics or sensing applications.
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Biosensing and bioelectronics applications of diamond SGFETs
Arrays of diamond SGFETs ( Figure 5 a) , based upon the electrolyte gating concept described previously, have shown great potential for biosensors and bioelectronic applications. 16 Sensing applications have the potential to profi t enormously from employing FETs as transducing devices, mainly due to their intrinsic amplifi cation capability, illustrated by the transistor curves shown in Figure 5b , and the high integration offered by semiconductor technology. Due to its maturity as a commercial semiconductor material, most of the work with SGFETs has been done using Si technology. However, there are several disadvantages of using Si technology for this application, such as a low electrochemical stability and relatively high electronic noise, motivating the search for more suitable materials. Diamond appears to be an ideal candidate for the development of highly sensitive SGFETs.
Unlike other semiconductors and metals, the hydrogenterminated diamond surface shows remarkable chemical and electrochemical stability. This makes the need for a protective dielectric layer unnecessary and therefore, as we have noted previously, interfacial capacitances formed at the electrolyte/diamond interface can be high, leading to devices with enhanced transconductance and thus gate sensitivity. 16 , 40 , 46 In addition to the transconductance, the low-frequency noise performance of an SGFET determines the device sensitivity (i.e., the minimum signal at the gate that can be detected). It has been shown that similar to other semiconductors and metals, the noise spectral density of diamond SGFETs exhibits a 1/ f dependence. 16 , 47 Considering the typical bandwidth used in biosensors and bioelectronic applications (1 Hz to 5 kHz), the minimum gate noise obtained for diamond SGFETs shows an RMS value of 15 µV, 47 which is similar to that measured with low-noise Si devices. Further, diamond surfaces can be effectively modifi ed with organic and bio-organic molecules, 48 enabling the preparation of diamond SGFETS with a variety of surface functional groups, thus paving the way for the development of SGFET-based sensors that are selective to certain analytes.
Using this potential for sensing of surface conductive diamond fi lms, a broad range of diamond SGFETs biosensors have been demonstrated. The pH and ion sensitivity of diamond SGFETs have been extensively studied and discussed in terms of a pH dependent surface charge. 37 , 49 -51 Taking advantage of the pH sensitivity of diamond surfaces, SGFET-based sensors modifi ed with enzymes have been shown to be capable of detecting biologically relevant analytes such as penicillinase or the neurotransmitter acetylcholine. 52 Further, diamond SGFETs modifi ed with DNA and RNA monolayers have been used for DNA and protein detection. 53 , 54 Several types of diamond surface termination were applied, resulting in the immobilization of short DNA/RNA within a few nm from the surface. Owing to the high interfacial capacitance, the change in the surface charge caused by the hybridization of DNA/ RNA and protein binding to DNA/RNA aptamers can be effi ciently detected, 54 confi rming that the solid-surface channel of the SGFET is an ideal device for DNA and protein sensing.
More recently, diamond SGFETs have been used to study the electrical activity of different electrogenic cells, 16 , 55 such as cardiac muscle (cardiomyocyte) cells cultured on diamond transistor arrays. Three days after cell seeding, the cells formed a densely packed layer covering the active areas of the transistors. The devices below this cell carpet were still fully functional, and the simultaneous recording of the drain-source currents of all transistors at a common operation point showed almost concurrent and repeated spikes on all working transistors ( Figure 5c ), corresponding to the action potentials of the cells, which are known to be spontaneously generated and propagate across the confl uent cell culture. This work demonstrated that diamond offers various advantages as a new material for biohybrid devices for the detection of cell signals, which may fi nd use in important medical applications such as neuroprostheses as well as for fundamental research on communication processes in neuronal networks.
Conclusions and future outlook
Since its demonstration, surface conductivity in diamond has presented researchers in the fi eld with both challenges in understanding its origin and opportunities for its application. Despite the fact that research in this area has been ongoing for 25 years, knowledge of this system continues to develop as do applications of contemporary interest. The performance of diamond surface electronic devices in many ways remains on par with that of materials such as graphene, and we can expect this trend to continue in the future. Improvements in the quality of the hydrogen-terminated surfaces, so that metallic conduction is maintained down to low temperatures, presents an opportunity to examine whether the conductivity is due to the predicted delocalized two-dimensional hole band at the diamond surface and, if so, to explore the magneto-transport properties of this system. Furthermore, calculations suggest that for the highest hole sheet densities that have been reported, the corresponding volume carrier density is about 2 × 10 20 cm -3 , which is close to the critical carrier density for the superconductivity in borondoped diamond. A combination of careful surface preparation and optimization of the hole sheet density from knowledge of the underlying doping mechanism will drive the investigation of whether surface-conducting diamond can exhibit superconductivity. Finally, unlike conventional semiconductor electronics, where the choice of donor or acceptor is restricted to atomic species that can be incorporated into the crystal lattice of the semiconductor, surface transfer doping of diamond offers the possibility of exploiting a potentially wide choice of synthetic molecular systems as acceptors with properties that can be systematically modifi ed to introduce functional properties in addition to being dopants. The use of organic acceptors in diamond devices is in its infancy, but there is considerable scope to engineer a new generation of functional devices on this platform. 
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